An antiserum, elicited by a synthetic peptide coupled to bovine serum albumin, reacted specifically with the non-structural ! 6K protein of tobacco rattle virus. The protein was detected in extracts of systemically infected Nicotiana clevelandii leaves, but only in those made with the aid of SDS, urea and 2-mercaptoethanol.
Introduction
The nucleotide sequence of RNA-1 of tobacco rattle virus (TRV) strain SYM contains four open reading frames (Hamilton et al., 1987) . Starting from the 5' end of the RNA, they code for potential polypeptides of Mr 134K, 194K (by readthrough of a stop codon), 29K and 16K. Amino acid sequence homologies with proteins encoded by other viruses suggest that the 134K and 194K polypeptides are involved in virus replication (Hamilton et al., 1987) , and the 29K polypeptide in cell-to-cell transport of virus (Boccara et al., 1986) . In contrast, although the 16K polypeptide is conserved with only 12 or 19 amino acid differences (out of a total of 141) in TRV strains PSG and TCM respectively Angenent et al., 1986) , and the related pea early-browning tobravirus (PEBV) encodes a 12K polypeptide that has significant amino acid homology with the 16K polypeptide (MacFarlane et al., 1989) , no homologies with other viral protein sequences have been recognized. The predicted sequences of both the TRV 16K polypeptide and the PEBV 12K polypeptide contain patterns of conserved cysteine and histidine residues reminiscent of zinc-finger nucleic acid-binding proteins (MacFarlane et al., 1989; Sehnke et al., 1989) , but beyond this the sequences offer no clues as to the functions of these proteins.
Plants infected with TRV strain SYM contain a 0.7 kb subgenomic RNA species that corresponds to the portion of the genome containing the 16K open reading frame (Boccara et al., 1986) , suggesting that the protein is expressed. However, experiments using transcripts from a full-length clone of TRV strain SYM RNA-1 showed t Present address: Department of Plant Protection, Beijing Agricultural University, Haidian, Beijing 100094, People's Republic of China.
that interruption of the 16K open reading frame either by the introduction of premature termination codons, or by deletion of 73~ of its coding sequence did not affect the number or type of local lesions produced when the transcripts were inoculated to several host plant species (Guilford et al., 1991) . Thus, the putative 16K protein is not required for replication or cell-to-cell spread of RNA-1.
Expression of the 16K open reading frame in vivo was finally demonstrated by Angenent et al. (1989) , who used an antiserum raised against a synthetic peptide corresponding to the 18 C-terminal amino acids of the putative protein. They detected the protein in TRVinfected tobacco protoplasts, but not in cells of infected tobacco plants. We have used a similar approach to that of Angenent et al.(1989) , and now describe the detection of the TRV 16K protein in extracts, and its intracellular distribution in sections, of Nicotiana clevelandii leaf tissue.
Methods
Production of antiserum. The peptide REFGTPKRFLRDDVPF-GIDRC was supplied by Dr T. Doel, Institute of Animal Health, Pirbright, U.K. It was coupled to BSA or to ovalbumin by a single-step glutaraldehyde method as described by Harlow & Lane (1988) . About 300 ~tg of either complex in 0-5 ml PBS (10 m~l-phosphate buffer pH 7-0 containing 0.85~ w/v NaC1) was emulsified with an equal volume of Freund's complete adjuvant and injected intramuscularly into the hind legs of a rabbit. Subsequent intramuscular injections, of the same composition except using incomplete adjuvant, were made at 14-day intervals. Ten days after the sixth injection, the rabbit was bled and antiserum extracted.
ELISA. Immuno Maxisorp microtitre plates (Nunc) were coated with peptide or the peptide-ovalbumin complex at 4 °C overnight. They were then treated successively with PBS containing 0.05 % Tween 20 and 5% dried skimmed milk at 37 °C for l h, with anti-16K-BSA 0001-0183 © 1991 SGM serum at 37 °C for 2 h, with goat anti-rabbit IgG-alkaline phosphatase conjugate (Sigma) at 37 °C for 1 h, and withp-nitrophenyl phosphate at room temperature for 1 h. Absorbances at 405 nm were read in a Titertek Multiskan Plus Mk II photometer.
In vitro transcription and translation of the 16K gene. A cDNA fragment representing the 16K open reading frame of TRV strain SYM RNA-1, from a clone kindly provided by P. Guilford, Institute of Plant Science Research, Cambridge, U.K., was cloned into the BamHI site of pBluescript. Plasmid DNA was prepared by alkaline lysis (Birnboim & Doly, ~979; Maniatis et al., 1982) , and the orientation of the insert determined by restriction mapping. The plasmid was linearized with XhoI, purified by electroelution from a 5 % polyacrylamide gel, and precipitated with ethanol. The DNA was dissolved in 10 mM-Tris-HC1 pH 8.0 containing 1 mM-EDTA (TE), treated with 50 ng/pl ribonuclease at 37 °C for 90 min, then with 60 ngAtl Proteinase K at 37 °C for 60 min, extracted twice with phenol/chloroform and twice with chloroform, and precipitated again with ethanol. The washed pellet was dissolved in TE and about 1-4 ~tg was transcribed in a 25 ~tl reaction using T7 RNA polymerase (Stratagene) according to the manufacturer's instructions, at 37 °C for 40 min. One-third of the reaction mixture was added directly to a nuclease-treated rabbit reticulocyte translation reaction (Boehringer Mannheim) containing 100 mM-potassium acetate, 1-5 mM-magnesium acetate and 0.74 MBq [35S]methionine. After incubation at 30 °C for 1 h, translation products were treated with either anti-16K serum or non-immune rabbit serum, and absorbed onto Protein A-Sepharose (Sigma), as described by Mayo & Reddy (1985) . The washed Sepharose pellets were suspended in sample buffer (2~ SDS, 0.15 M-DTT, 10% glycerol in 0.125 M-Tris HC1 pH 6.8), and the supernatant fluid was mixed with an equal volume of double-strength sample buffer. After heating at 100 °C for 3 min, samples were analysed by electrophoresis in 12 % polyacrylamide gels using a discontinuous buffer system (Laemmli, 1970) and products were detected by fluorography of gels impregnated with EN3HANCE (Du Pont).
Detection of 16K protein in plant extracts. TRV strain SYM was maintained in N. clevelandii plants, kept in a heated glasshouse at an average temperature of 20 °C and provided with supplementary sodium vapour lighting for 16 h/day. Inocula were prepared from systemically infected leaves ground in 10 vol. of water, and were applied manually to corundum-dusted leaves of about 40-day-old plants. At each sampling time, a systemically infected leaf 10 to 15 mm long was taken from each of 10 plants, and the combined sample was extracted as described by Albrecht et al. (1988) . In this procedure, leaves are extracted successively at room temperature, twice with GB (10 mM-KCI, 5 mM-MgC12, 0.4 M-sucrose, 10% glycerol, 10 mM-2-mercaptoethanol in 100 mM-Tris-HCl pH 8.1) to give extracts F~ and Fz, once with GB containing Triton X-100 to give extract S,, and once with ESB (4.5% SDS, 9 M-urea, 7.5% 2-mercaptoethanol in 75 mMTris-HC1 pH 6.8) to give extract $2. Further treatment of the residue with ESB at 100 °C gave extract S 3. The fractions were analysed by electrophoresis in 12% polyacrylamide gels and transferred to nitrocellulose using a semi-dry apparatus (Multiphor II Nova Blot; LKB). Blots were treated either with anti-16K serum or with an antiserum to TRV strain SYM nucleoprotein particles (anti-particle serum), followed by goat anti-rabbit IgG-alkaline phosphatase conjugate. Detection was by treatment with 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium chloride.
Electron microscopy. Systemically infected tip leaves ofN. clevelandii, sampled 6 and 8 days after inoculation, were examined. Similar leaves from non-inoculated plants were sampled as controls. Pieces of leaf (1 x 3 ram) containing lateral veins were processed for electron microscopy as described by Fasseas et al. (1989) . Ultrathin sections (silver/gold interference colours) were cut on a Reichert Ultracut E ultramicrotome, heat-stretched (Roberts, 1970) and mounted on pyroxylin-filmed, nickel grids (hexagonal 200-mesh).
The immunogold labelling procedure was essentially as described by Fasseas et al. (1989) , except that because the anti-16K serum contained antibodies against BSA, the immunogold labelling buffer contained 30% goat serum (Serotec) instead of 1% BSA. Immunoglobulins prepared from anti-16K and anti-particle sera were used, and were absorbed with an acetone-washed protein extract of healthy N. clevelandff leaves to minimize non-specific labelling. Anti-16K immunoglobulin that had been absorbed in addition with an excess of the synthetic peptide was used to test the specificity of the immunogold labelling. The probe used was goat anti-rabbit globulin-15 nm gold (Janssen Life Sciences Products), diluted 1:50 in buffer.
Results

Preparation and characterization of the anti-16K serum
Analysis of the predicted amino acid sequence of the TRV strain SYM 16K protein by the method of Kyte & Doolittle (1982) showed that the N-terminal half of the protein is relatively hydrophobic and the C-terminal half relatively hydrophilic, except for a few hydrophobic residues at the extreme C terminus. To elicit antibodies, we therefore chose a synthetic peptide corresponding to a region close to (residues 118 to 137), but not at, the C terminus of the 141 residue protein.
For use as an immunogen, the peptide was coupled to BSA or to ovalbumin using glutaraldehyde, and the success of the coupling was monitored by polyacrylamide gel electrophoresis (Fig. 1) . The products of the coupling reaction were heterogeneous in size, but migrated more slowly than the unreacted carrier protein.
The antisera obtained from rabbits immunized with the peptide-protein complexes both reacted with the peptide in ELISA, but the serum obtained using the BSA complex had a much higher titre, and only this serum was used in further tests. It gave A4o 5 values of 1.0 or more with 20 pg of peptide when diluted 100-fold, with 2 ng at 1 :I000 and with 20 ng at 1:10000 (Table 1) . It also contained high levels of antibody against BSA, and reacted to a lesser extent with ovalbumin. However, in tests using the peptide-ovalbumin complex as antigen, reactions in wells containing 2 ng or more of the complex were significantly greater than those in wells containing 200 ng of ovalbumin alone (Table 1 ). The antiserum also reacted in wells containing high concentrations (1.5 p.g/well) of purified virus nucleoprotein as antigen, but the significance of this is unclear; no reaction was observed on Western blots of purified virus nucleoprotein, and the serum did not trap virus particles in immunosorbent electron microscopy tests.
To determine whether the antiserum reacted with the 16K protein as well as with the peptide, RNA transcribed in vitro from a cDNA copy of the 16K gene was used to prime translation in a rabbit reticulocyte :~ Peptide coupled to ovalbumin.
lysate. The antiserum precipitated a protein of the expected size from such reaction mixtures (Fig. 2, lane 4) but not from reaction mixtures lacking added R N A (lane 8). Other products precipitated from both kinds of reaction mixture presumably resulted from translation of R N A species endogenous to the lysate, and m a y be serologically related to BSA as they were not precipitated by non-immune serum (lanes 2 and 6). N o n -i m m u n e serum did not precipitate the 16K protein (lane 2). The 16K protein was not detected in the supernatant fluid from this precipitation either, probably because the amount loaded on the gel was not sufficient. Thus we conclude that the antiserum recognizes the 16K protein, and refer to it as anti-16K serum.
Detection of the 16K protein in plant extracts
Six days after inoculation, small systemically infected leaves were collected from N. clevelandii plants and fractionated by the method of Albrecht et al. (1988) . In immunoblots, anti-16K serum detected a protein of the expected size in extracts $2 and $3 only, which were obtained by extraction with ESB at room temperature and 100 °C, respectively (Fig. 3a) . The antiserum also reacted with two proteins of about 60K that occurred in both infected and healthy plants, mainly in extract F1. Probing of a similar blot with antiserum to virus particles (Fig. 3b) showed that all fractions from infected leaves contained substantial quantities of virus particle protein.
To determine the optimum time after inoculation for detection of the 16K protein, small leaves that appeared successively on the same plants were collected at 3-day intervals. Sequential extractions were done as before, and extract $2 from each sample was compared on immunoblots (Fig. 4a) . The 16K protein was detected in leaves collected 3 days after infection, was at its maximum concentration after 6 to 9 days, and declined thereafter. No protein was detected 24 days after inoculation. In another experiment, a similar dependence of 16K protein concentration on time after inoculation was observed, except that at 9 days it had already begun to decline from its day 6 maximum. Probing of similar blots with antiserum to virus particles (Fig. 4b) showed that the maximum concentration of 16K protein coincided with the maximum concentration of virus particle protein in extract $2.
In both the experiments shown in Fig. 3 (a) and 4 (a), detection of the 16K protein was accompanied by weaker staining of higher Mr bands, in particular one corresponding to an Mr of about 32K, which was probably a dimer of the 16K protein. This suggests that the 16K protein has a strong tendency to aggregate, and may imply that its biological function involves a multimeric form of the protein.
Immunogold labelling
In tests using an untreated immunoglobulin fraction from anti-16K serum, gold labelling of sections from both systemically infected and healthy leaves was observed. However, absorption of the immunoglobulin with an extract of healthy leaves largely abolished the labelling of sections from healthy tissue, but not that of sections from infected leaves ( Table 2 , experiment 1). The total number of gold particles observed over infected cells in this experiment was 332, whereas only 25 were found over an equivalent total area of healthy cells. Thus, the labelling is largely specific for infected cells.
Not all cells in sections of infected leaves were labelled, and observations were confined to those in which virus particles were seen. By 6 days after inoculation, such cells were found only near vascular elements, whereas by 8 days after inoculation cells further from vascular cells contained both virus particles and gold label. At both times, the gold label was predominantly located over nuclei (Table 2 ; Fig. 5 b) , but some label was also present over the cytoplasm. Taking an average over all experiments, the number of gold particles per unit area was 2 to 2.5 times as great over the nucleus as over the cytoplasm. No association of gold with virus particles was observed (Fig. 5 b) , in contrast to tests using immunoglobulin from TRV anti-particle serum, where gold label was mostly associated with virus particles in the cytoplasm of cells in systemically infected leaves (Fig. 5a) . Absorption of the anti-16K immunoglobulin with the synthetic peptide greatly diminished the labelling ( Table  2 ). The remaining label was about 8 % of that found with immunoglobulin before absorption, and roughly comparable to that observed over cells of healthy tissue.
Discussion
Using a specific antiserum, the 16K protein of tobacco rattle virus was detected in systemically infected leaves of N. clevelandii. However, the protein was solubilized only by the most drastic extraction procedure, implying that it is tightly bound to a readily sedimentable :~ Time post-inoculation of plants. § Total number of gold particles on four (experiment I) or five (experiments 2 and 3) fields from the same micrograph. Particles were counted over equal areas of nucleus and cytoplasm in each field. In experiments 2 and 3, counts on the same line are from treatment of successive serial sections with anti-16K or peptide-absorbed serum. component in the infected ceils. Angenent et al. (1989) used a similar antiserum but were unable to detect the protein in infected Samsun NN tobacco, perhaps because their extraction method was insufficiently drastic. Immunogold labelling of ultrathin sections indicated that the greatest concentration of the 16K protein was in nuclei, suggesting that the component to which the protein binds is a nuclear one. Indeed, the amino acid sequence (Boccara et al., 1986) contains several groups of contiguous basic residues reminiscent of nuclear location signals, including four occurrences of the possible minimal feature K-X-X-K/R (Roberts, 1989) . The protein also occurs in the cytoplasm, but is apparently not associated with virus nucleoprotein particles. The reaction of the antiserum with high concentrations of virus particles in ELISA is probably a result of contamination of the particle preparations with the 16K protein-containing nuclear component. Angenent et al. (1989) detected 16K protein in TRVinfected tobacco protoplasts by immunoprecipitation of the 35S-labelled protein. It was found in the 30000 g pellet fraction but not in the 1000 g pellet fraction, and appeared to be associated with a high Mr cytoplasmic structure. To reconcile the apparent contradiction between our results and those of Angenent et al. (1989) , we suggest that 16K protein occurs in both the cytoplasm and nucleus, that its concentration in the cytoplasm is too low for detection by Western blotting, and that in nuclei it is bound in structures where it is relatively inaccessible to antibodies unless extracted with high concentrations of SDS, urea and 2-mercaptoethanol. It is worth noting that the immunogold labelling, although stronger over nuclei, was never very intense, suggesting that accessibility of the antigen was poor and/or that it was present in only small amounts.
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Although no attempt was made to follow the timecourse of accumulation of the 16K protein in individual leaves, sampling of successive small leaves at different times after infection showed that the 16K protein was at its greatest concentration in leaves that also contained the greatest amount of virus particle protein. Comparison of the distribution of gold label on sections of systemically infected leaves taken 6 and 8 days after inoculation suggested that the 16K protein first appeared in cells adjacent to vascular tissue and subsequently in cells further afield. At both times however, unlabelled nuclei near vascular elements were also observed. This distribution probably reflects the invasion of successive leaf cells by virus spreading out from its initial point of entry through the vascular system. However, unbiased comparison is difficult because cells close to vascular elements are smaller than those further away and have a higher proportion of cytoplasm and nucleus relative to the vacuole.
None of these observations yields strong clues to the function of the 16K protein. Its association with nuclei, together with possible similarities to zinc-finger nucleic acid-binding proteins, suggest that it might be involved in modulation of host plant nucleic acid metabolism. This agrees with the conclusion of Guilford et al. (1991) that the 16K protein function is not necessary for TRV RNA replication. Moreover, marginally significant similarity has been noted (Koonin et al., 1991) between the 16K protein and the N-terminal basic domains of 'high mobility group' chromatin proteins, which bind specifically to DNA in active chromatin regions (Shick et al., 1985) . However, other viruses do not possess proteins with similar sequences, and changes in host nucleic acid metabolism specific to TRV infection have not been observed. This work was supported by a research grant from the Agricultural Genetics Company.
